Classical models of evolution seldom predict evolution in the wild. One explanation is 34 that the social environment has important, yet overlooked, effects on how traits 35 change in response to natural selection. We tested this idea with selection experiments 36 on burying beetles (Nicrophorus vespilloides), sub-social insects that exhibit 37 biparental care. Populations responded to selection for larger adults only when parents 38 cared for their offspring, and responded to selection for smaller adults only when we 39 prevented parents from providing care. Comparative analyses revealed a similar 40 pattern: evolutionary increases in species size within the genus Nicrophorus are 41 associated with the obligate provision of care. Synthesising our results with previous 42 studies, we suggest that cooperative social environments enhance the response to 43 selection whereas conflict can prevent further directional selection. 44
world is a major challenge for evolutionary biology 1 . A key problem is to explain how 48 rapidly traits change in response to selection. The breeder's equation summarizes 49 classical genetic models of evolution by suggesting that the magnitude of 50 evolutionary change in any given trait depends simply on the extent to which that trait 51 contributes to fitness (the strength of selection), and the degree to which it is 52 transmitted to the next generation by genetic variation (the trait's heritability)
2 . Yet 53 these two parameters are seldom sufficient to predict how evolution will proceed in 54 the wild 3, 4 . One suggestion is that this is because the social environment has an 55 additional causal influence on the response to selection [5] [6] [7] [8] [9] . An individual's social 56 environment derives from its interactions with conspecifics. Variation in the social 57 environment can contribute to variation in an individual's phenotype, much as the 58 abiotic environment does 10, 11 . An important difference, though, is that there is genetic 59 variation in the social environment. This means that the social environment can be 60 inherited and can therefore change the response to selection of the traits that it 61 induces [6] [7] [8] [9] . 62 selection and accelerates evolutionary change. But if the effect of the social 66 environment is negative, it prevents any response in the trait to selection and impedes 67 evolutionary change [6] [7] [8] [9] [12] [13] [14] [15] [16] . Previous experiments with domesticated species have 68 supported that latter prediction by showing that competitive interactions can prevent 69 selection for traits of greater economic value to farmers, such as increased body 70 size [13] [14] [15] [16] [17] . However, it is unclear whether the social environment can ever causally 71 accelerate trait evolution in animal populations. Nevertheless, theoretical work 6-9 and 72 correlational analyses of the outcome of natural selection using large pedigreed 73 datasets collected from wild animals, both suggest it is likely 18 . 74
75
We tested whether the social environment within the family can promote the 76 evolution of burying beetle size (Nicrophorus vespilloides) using experiments on 77 wild-caught individuals. This species exhibits facultative biparental care, which 78 makes it ideal for experimental manipulations of the social environment (e.g. ref.
19). 79
Both parents work together to prepare the carrion nest by removing the fur or feathers 80 from the dead body, rolling the flesh into a ball and burying it underground. Larvae 81 hatch from eggs laid in the soil nearby and crawl to the carcass nest, where they take 82 up residence. There they feed on the flesh themselves, but are also tended by their 83 parents who guard them and transfer resources through regurgitation 20 . However, if 84 parents are removed after nest preparation is complete, but before the larvae hatch, 85 then larvae can complete development without any post-hatching parental care at 86 all 19, 21 . After roughly five days, larvae disperse away from the carcass to pupate in the 87
soil. 88 89
We focused on the evolution of adult size for three reasons. First, size is strongly 90 associated with fitness in this species 20 . Competition for the carrion breeding resource 91 can be intense, and larger beetles are more likely to win fights for ownership of 92 carcass (e.g. ref. 22 ). Second, adult size is known from previous work to vary with 93 aspects of the family social environment that larvae experience during development, 94 including social interactions with siblings 23 and parents 21 . Third, we found that the 95 heritability of adult size is very low. We used techniques from classical quantitative 96 genetics to estimate the heritability of adult size, in environments where parents 97 provided post-hatching care for offspring (hereafter Full Care), and in environments 98 where they provided no post-hatching care, because they were experimentally 99 removed (hereafter No Care). In both environments, the heritability of adult body size 100 did not differ from zero (estimate ± s.e., Full Care: h 2 = 0.08 ± 0.12; No Care: h 2 = 101 0.05 ± 0.30, see Supplementary Materials). These estimates are similar to estimates 102 of the heritability of adult size in the congeneric N. pustulatus 24 . The breeder's 103 equation 2 therefore predicts that body size should exhibit negligible change in 104 response to selection in the short term. This gave us the opportunity to separate the 105 effect of the social environment on the way in which body size responds to selection 106 from effects due to the heritability of body size alone (because the latter should be 107 virtually non-existent). 108
109
To test whether the social environment causally influences the response to selection, 110
we carried out an artificial selection experiment on eight laboratory populations (see 111
Methods). Importantly, we varied the social environment among the populations so 112 that we could analyse its causal influence on the response to selection: half the 113 populations experienced Full Care during development (N = 4 populations), the other 114 half had No Care (N = 4 populations). We then exposed half of the populations within 115 each Care environment to selection for increased adult body size (Large), while the 116 remaining populations experienced selection for decreased adult body size (Small, see 117
Methods). Thus we had four types of experimental populations, each replicated twice: 118
Full Care Large, Full Care Small, No Care Large, and No Care Small. We selected on 119 body size for seven generations, generating over 25,000 beetles. 120
121
For each experimental treatment, we measured the cumulative selection differential 122 and response to selection, and used these measures to estimate the realised heritability 123 of adult body size (see Methods). This gave us a measure of the extent to which body 124 size could be changed by artificial selection. The breeder's equation predicts that the 125 realised heritability of body size should not differ among the treatments. However, we 126 found instead that the realised heritability of adult body size varied among the four 127 types of experimental treatments (care × selection × cumulative selection differential: 128 F 3,44 = 6.87, P < 0.001, Fig. 1 change over the course of the selection experiment for individuals from either of these 141 treatments ( Fig. 1) . 142
143
The next step was to determine how the two contrasting social environments in our 144 selection experiment could influence evolutionary change in adult size. Previous work 145 has shown that the mass a larva attains by the time it disperses away from the carcass 146 strongly influences the size of the adult that then emerges 25 . Furthermore, larval mass 147 at dispersal depends on the number of larvae competing during development for the 148 finite resources on a carcass 23 . Building on these results, we identified three social 149 factors that influence larval mass at dispersal. The first is clutch size, because it 150 influences the number of larvae competing for carrion. However, it is not the sole 151 determinant of brood size on a carcass. Larger females lay a larger clutch 26 but have 152 fewer surviving larvae that disperse from the carcass (see Methods, Supplementary 153 Fig. 1 ), presumably due to a greater incidence of filial cannibalism 27 . Brood size at 154 dispersal is therefore different from clutch size, and is the second factor influencing 155 larval mass at dispersal. The third factor is the presence or absence of parents after 156
hatching. This factor is important because it influences the relationship between brood 157 size and larval size at dispersal, especially for broods of 10 or fewer larvae. When 158 parents are present, and there are only a few larvae on the carcass, each consumes 159 more carrion and is larger at dispersal 23 . However, when parents are absent, each larva 160 typically attains only a low mass by the time it disperses to pupate, because larvae 161 seemingly help each other to colonize and consume the carcass 23 . Thus larvae in small 162 broods cannot attain a large mass at dispersal when parents are absent, but they can 163 when parents are present. 164
We suggest that selection on these three elements of the social environment combined 166 to cause correlated change in body size in the Full Care Large lines and the No Care 167
Small lines (see Supplementary Materials). In the Full Care Large treatment (Fig. 2a) , 168
we selected for larger adults. They produced larger clutches ( Supplementary Fig. 2) , 169 but produced fewer ( Supplementary Fig. 3 ) and therefore larger dispersing larvae 170 (presumably due to greater levels of filial cannibalism). They matured into larger 171 adults themselves. Likewise, in the No Care Small treatment (Fig. 2b) we selected for 172 smaller adults and they laid a smaller clutch (Supplementary Fig. 2 ). Since these 173 broods developed without parents, the resulting smaller broods yielded smaller larvae 174 ( Supplementary Fig. 3 ), which matured into smaller adults. In each treatment, we 175 effectively selected a social environment on the carcass that induced the production of 176 We explicitly tested the conclusions set out in by measuring museum specimens of 49 of the 68 extant species 29 and placing them on 225 a recent molecular phylogeny of the genus (Fig. 3 ) 30 . We found that there is 226 considerable variation in body size across the phylogeny, with multiple shifts to both 227 larger and smaller species relative to the ancestral phenotype (Fig. 3) . Consistent with 228 our experimental results, we also found that the evolution of very large burying 229 beetles is associated with obligate provision of parental care (PGLS: estimate = 1.57 ± 230
We conclude that the way in which the social environment influences a trait's 233 response to selection depends on whether it is associated with social interactions that 234 are cooperative or promote conflict (see ref. 10 for formal definitions of these terms). 235
Previous studies have shown that selection for increased size or productivity also 236 selects for increased aggression. Increased aggression reduces fitness so much that 237 any effects of selection on size cannot be transmitted to the next generation and this 238 prevents evolutionary change 13, 17 . This suggests that traits associated with social 239 environments that induce conflict have limited capacity for further directional 240 evolutionary change. Previous work has also demonstrated that, under these 241 conditions, the only way in which increased productivity or size can be artificially 242 selected is by imposing multilevel, group or kin selection 12, 13 . That is, a response to 243 selection can be restored only when an explicitly cooperative social environment is 244 artificially created at the same time 32 . Our experiment provides more direct evidence 245 that cooperative interactions enhance the response to selection, and can do so even 246 when selection acts on individuals. In the Full Care Large treatment, selection for 247 increased body size was possible because parents helped small broods of larvae to 248 attain a large size at dispersal. Likewise, in the No Care Small treatment ( Fig. 2 ) 249 selection for decreased body size was possible because cooperative interactions 250 among larvae influence body size 23 : in this case, selection for smaller individuals 251 decreased brood size and the fewer remaining larvae were increasingly unable to help 252 each other grow large. In short, cooperative interactions reinforced selection by 253 magnifying changes in body size across generations, so enhancing the capacity for 254 evolutionary change. Our general conclusion is that the response to selection is likely 255 to be reduced when trait expression is associated with conflict, but enhanced for traits 256 whose expression is associated with more cooperative social environments. Proper 257 characterization of the social environment in which traits are expressed is therefore 258 important not only for understanding a trait's current adaptive value 10 but also for 259 predicting its future capacity to evolve and adapt. 
Methods 483
We performed a full-sib/half-sib quantitative genetics experiment to estimate the 484 heritability of body size in N. vespilloides. We used two populations of beetles for this 485 experiment, both maintained under the same conditions as stock populations (Full 486 Care) for 11 generations without any selection for body size. Four females were 487 mated to a single male and then each female was given a recently defrosted mouse 488 (10-12g) to breed upon. Once the carcass had been prepared and all eggs laid, 489 approximately 53h after providing the mouse 34 , the female and carcass were removed. 490
The female was placed in a new breeding box and provided with a fully prepared 491 carcass from a donor female. At that time we also prepared an equal number of 492 breeding boxes with just a donor-prepared carcass and no female. The breeding box 493 where the female laid her eggs was checked three times a day for larval hatching. 494
Once larvae started hatching, the larvae were transferred to either the carcass with 495 their mother (Full Care) or to the other carcass without an adult (No Care). Larvae 496 were added until a maximum of 12 larvae were present on each carcass, resulting in 497 mean (± s.e.) brood sizes of 7.85 ± 0.25 in the Full Care, and 8.21 ± 0.24 in the No 498 care environments. 499
500
We checked breeding boxes three times daily, and determined that the larvae were 501 ready to disperse when two or more larvae were seen crawling away from the remains 502 of the carcass 24 . At this point the contents of the breeding box were removed and the 503 larvae were counted and weighed individually. The larvae were then placed into 504 individual cells within an eclosion box in the order in which they were weighed so we 505 could relate larval mass to adult size. After eclosion, we anaesthetized the adults with 506 CO 2 . Once anaesthetized, each individual was placed flat under a Canon DSLR 507 camera and photographed. The camera was attached to a stand to ensue consistency in 508 the images obtained and connected to a computer for automatic image labeling. All 509 photographs contained a scale against which the pronotum width of each individual 510 was measured using a custom MatLab script. No statistical methods were used to 511 predetermine sample size. 512
513
We analyzed data for each care regime separately, using the package ASreml-R 3.0 35 514 in R version 3.3.0 36 . Models included a fixed effect of the number of larvae surviving 515 per brood (mean-centered), a random effect of brood ID to estimate variance due to 516 permanent environmental (including maternal) effects, and a random effect of the 517 pedigree term to estimate the additive genetic variance. (We were unable to partition 518 variance due to maternal effects from that of the permanent environment because no 519 females had multiple broods within a single environment). We then tested the 520 significance of the additive genetic variance in adult size by comparing models with 521 and without the pedigree term using a likelihood ratio test. We estimated χ 2 nDF as 522 twice the difference in model log likelihoods; given that we were testing the effect of 523 a single variance component (nDF = 1), we assumed that the test statistic was 524 asymptotically distributed as an equal mix of χ 
Selection experiment 550
One way to analyse the effect of the social environment on the response to selection is 551 to use cross-fostering to partition out sources of variance in body size to direct, sib-552 social, or maternal effects 39-41 and thereby deduce the underlying genetic architecture. 553
However, the downside of this approach is that it requires detailed knowledge of 554 precisely how the social environment influences trait expression: if one key element is 555 overlooked then the analyses are too incomplete to be able to predict the response to 556 selection with any accuracy. For this reason, we chose instead to use an artificial 557 selection experiment. We manipulated the social environment, imposed selection and 558 measured the response. In this way we could confidently attribute any change in the 559 response to selection to our manipulations of the social environment, without making 560 any a priori assumptions about which particular aspects of the social environment 561
were important in influencing trait expression. Care population to ensure there were enough successful families: failure rates are high 586 when initially removing parental care). 587
588
At eclosion members of the same sex from each family were temporarily housed in a 589 box together and anaesthetised with CO 2 . Once anaesthetized, each individual was 590 photographed and the body size measured in the same method as described above. 591
Each individual was given a unique ID that we used to identify individuals that were 592 retained to breed in the next generation. were taken from a stock population maintained in the laboratory under the same 630 conditions as the Full Care populations, and assayed when the selected populations 631 were in generation five. Brood size was measured at the point of larval dispersal away 632 from the carcass. Both clutch size and brood size were analysed with a Poisson 633 distribution and a log link function with female size and carcass mass fitted as 634
covariates. 635 636
We found that clutch size increased with female size even when accounting for 637 carcass mass (t = 3.63, P = 0.001), whereas brood size at dispersal decreased with 638 female size (t = −2.06, P = 0.04, Supplementary Fig. 1 As predicted, we found that clutch size in generation five of the selection experiment 658 was greater in the Large selected lines than in the Small selected lines (z = −7.53, P < 659 0.001), independent of the parental care treatment (z = 1.32, P = 0.19, Supplementary 660 We predicted that brood size at larval dispersal should also differ among the 665 experimental populations. Specifically, based on the results in Supplementary Fig. 1,  666 we predicted that members of the Full Care Large populations should have a smaller 667 brood size than members of the Full Care Small populations. In addition, since there 668 is no possibility of filial cannibalism in the No Care populations, we predicted that in 669 these populations brood size should vary in the same way as clutch size, and therefore 670 should be greater in the No Care Large populations than in the No Care Small 671 populations. We measured brood size at larval dispersal in Generation 7 of the 672 selection experiment and pooled both replicates. We analysed estimated brood size 673 using a generalised linear model with a Poisson error structure, and log link function, 674 and tested our prediction by searching for a significant interaction between parental 675 care (Full Care, No Care) and selection regime (Large, Small) on brood size at 676 dispersal. We included carcass size as a covariate. 677
678
As predicted, we found a significant interaction between parental care and selection 679 regime on brood size at larval dispersal in generation seven (z = −4.89, P < 0.001). 680
Full Care Large populations had fewer offspring at dispersal than the Full Care Small 681 populations, whereas No Care Large populations had more offspring at dispersal than 682
No Care Small populations (Supplementary Fig. 3) . 
